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The Bergmann glia is a unipolar astrocyte in the cerebellar cortex, displaying a tight association with Purkinje cells. The cell bodies of Bergmann
glia are located in a row around Purkinje cell somata; they extend radially arranged Bergmann fibers which enwrap the synapses on the Purkinje cell
dendrites. It is well known that Bergmann glial somata migrate from the ventricular zone through the mantle zone, forming an epithelium-like lining
in the Purkinje cell layer during development. However, the mechanism of the monolayer formation of Bergmann glia is poorly understood. Several
reports have suggested that Notch signaling plays instructive roles in promoting the identities of several types of glial cells, including Bergmann glia.
Moreover, Notch receptors are expressed in Bergmann glia during development. Here, we have deleted the Notch1, Notch2 and RBP-J genes in the
Bergmann glia by GFAP-driven, Cre-mediated recombination, to study the role of Notch-RBP-J-signaling in the monolayer formation of Bergmann
glia. Notch1/2- and RBP-J-conditional mutant mice showed disorganization of Bergmann fibers, irregularities of the Bergmann glial lining and
aberrant localization of Bergmann glia in the molecular layer. Thus, Notch-RBP-J signaling plays crucial roles in the monolayer formation and
morphogenesis of Bergmann glia.
© 2007 Elsevier Inc. All rights reserved.Keywords: Bergmann glia; Notch; RBP-J; Conditional knockout mouse; Monolayer formationIntroduction
Bergmann glial cells have a distinctive unipolar appearance,
with somata in the Purkinje cell layer and radial fibers projecting
through the molecular layer to the pial surface (Yamada and
Watanabe, 2002). During development, Bergmann glial fibers
are known to associate with migrating granule cells, from which⁎ Corresponding author. Laboratory of Molecular Neuroscience, School of
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University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8510, Japan. Fax: +81 3
5803 5843.
E-mail address: tanaka.aud@mri.tmd.ac.jp (K. Tanaka).
1 These authors contributed equally to this work.
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.08.042the concept of glial-guided neuronal migration has emerged
(Hatten, 1990). However, to date, much less attention has been
paid to the monolayer formation of developing Bergmann glia.
From embryonic day (E) 14 to postnatal day (P) 7 in the mouse
cerebellum, Bergmann glial somata migrate from the ventricular
zone through the mantle zone in synchrony with the migration of
Purkinje cell somata, forming an epithelium-like lining in the
Purkinje cell layer (Yamada andWatanabe, 2002; Yamada et al.,
2000).
The Notch signaling pathway plays crucial roles in cell-fate
specification in the developing CNS (Artavanis-Tsakonas et al.,
1999). In addition to the more classical role played by Notch,
i.e., that of maintaining cells in an undifferentiated state, recent
239O. Komine et al. / Developmental Biology 311 (2007) 238–250studies have provided clear evidence that Notch plays an
instructive role in promoting glial development (Furukawa
et al., 2000; Gaiano et al., 2000; Tanigaki et al., 2001; Gaiano
and Fishell, 2002). These studies have inspired a reassessment
of the role of Notch signaling in the monolayer formation of
Bergmann glia. Notch proteins are large transmembrane
proteins. The activation of Notch signaling is initiated by the
direct interaction of ligands, such as Delta or Jagged, which
leads to the activation of the RBP-J-dependent and RBP-J-
independent pathways (Deltex-dependent pathways). In the
canonical RBP-J-dependent pathways, the intracellular portion
of Notch (NICD) is cleaved upon ligand binding and enters the
nucleus, where it forms a complex with RBP-J and influences
the expression of numerous transcription factors (Tamura et al.,
1995). On the other hand, the cytoplasmic protein (termed
“Deltex”) is essential for RBP-J-independent signaling (Mat-
suno et al., 1995; Yamamoto et al., 2001). It has been
demonstrated that Deltex regulates Notch signaling by
physically interacting with NICD independently of RBP-J,
although the molecular basis of this Deltex-dependent signaling
is largely unknown. Recently, Eiraku et al. have reported that
DNER (Delta/Notch-like EGF-related receptor)-Notch signal-
ing regulates the development of Bergmann glia through the
Deltex-dependent pathway, and that DNER deficiency results in
the disorganization of the Bergmann fibers as well as the ectopic
localization of Bergmann glia (Eiraku et al., 2005; Tohgo et al.,
2006). These results suggest that DNER-Notch signaling is
involved in the monolayer formation of Bergmann glia.
However, the abnormal Bergmann glial development in
DNER-deficient mice became less significant by 3 weeks
postnatally and improved by the adult stages (Eiraku et al.,
2005; Tohgo et al., 2006). Furthermore, it remains to be clarified
whether or not the canonical RBP-J-dependent pathway plays a
crucial role in the monolayer formation of Bergmann glia
in vivo.
To investigate the role of Notch-RBP-J-signaling in the
monolayer formation of Bergmann glia, we inactivated the
Notch1, Notch2 and RBP-J genes using the Cre-loxP approach
with a GFAP-Cre transgenic mouse, to induce Cre-mediated
recombination in Bergmann glial cells. The GFAP-Cre/
Notch1loxP/loxP/Notch2loxP/loxP and GFAP-Cre/RBP-JloxP/loxp
mice showed a disorganization of Bergmann fibers, irregularities
of the Bergmann glial lining and aberrant localization of
Bergmann glia in the molecular layer. These results indicate
that Notch1/2-RBP-J signaling is involved not only in the
morphological differentiation of Bergmann glia, but also in the
monolayer formation of Bergmann glia.
Materials and methods
Mice
GFAP-Cre transgenic mice have been described previously (Bajenaru et al.,
2002), and they were used to drive Cre recombinase expression in the CNS of
the mouse. GFAP-Cre mice were bred with ROSA26R mice (Soriano, 1999) to
map Cre activity in vivo. GFAP-Cre mice were bred with RBP-JloxP/loxP or
Notch1loxP/loxP and/or Notch2loxP/loxP mice (Tanigaki et al., 2002; Radtke et al.,
1999; Saito et al., 2003) to generate RBP-J or Notch1 and/or Notch2 conditionalknockout mice. The animal experiment procedures were approved by the Animal
Experiment Committee of Tokyo Medical and Dental University.
Astrocyte culture
Primary astrocytes were purified from the P0 mouse. Tissue from the brain
was cut into small pieces and incubated in 2.5% trypsin and 0.01% DNase I in
PBS for 20 min at 37 °C. To block the trypsin activity, the cells were washed with
DMEM containing 10% FBS and plated on 10-cm tissue culture dishes (Falcon).
Southern and Northern blot analyses
Genomic DNAwas isolated from mouse tails and primary astrocyte cultures,
digested with SphI, separated by electrophoresis in a 1% agarose gel, transferred
to a Hybond-N+ nylon filter (Amersham Biosciences) by capillary transfer and
hybridizedwith a probe, as previously described (Tanigaki et al., 2002). Northern
blot analysis was carried out by the hybridization of total RNA extracted from
astrocyte cultures (5 μg) with digoxigenin-labeled antisense riboprobes
transcribed from the cDNA templates of RBP-J (deleted region) and GLAST.
The signals were visualized using an alkaline phosphatase-conjugated, anti-
digoxigenin antibody (Roche).
Immunohistochemistry and in situ hybridization
Animals were deeply anesthetized and perfused with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS). The brains were removed, postfixed
with 4% PFA and cryoprotected in 30% sucrose. The brains were embedded in
OCT compound (Sakura, Tokyo, Japan), and 12-μm-thick sagittal cryostat
sections were prepared. The following antibodies were used for immunostaining:
rabbit anti-BLBP antibody (a gift fromM.Watanabe), mousemonoclonal anti-β-
galactosidase antibody (Promega), rabbit anti-β-galactosidase antibody (Cap-
pel), mouse monoclonal anti-parvalbumin antibody (Sigma), rabbit anti-GLAST
antibody (Matsugami et al., 2006) and rabbit anti-GFAP antibody (DAKO). The
sections were rinsed and incubated in the appropriate secondary antibodies: goat
antibodies against either mouse or rabbit Alexa 488, 568 and 635 (Molecular
Probes). Images were taken with an LSM-510 META confocal laser microscope
(Carl Zeiss).
For LacZ staining, the mice were transcardially perfused with 2% PFA and
0.2% glutaraldehyde in PBS. The brains were post-fixed in the same fixative for
4 h. Then, 50-μm vibratome sections were prepared and stained with X-Gal.
In situ hybridization was performed on cryosections (12-μm thickness) using
a digoxigenin-labeled GLAST-specific cRNA probe, as described previously
(Yamada et al., 2000).
BrdU staining
Postnatal micewere injected intraperitoneally with a solution of BrdU (50 μg/
g body weight; Sigma) in PBS. Three hours after injection, the mice were
anesthetized and perfused with 4% PFA. The cerebella were then dissected and
sagittally cryosectioned at a thickness of 12-μm. The sections were treated with 2
N HCl at 37 °C for 30 min and washed in 0.1 M sodium borate for 10 min. The
sections were then immunostained with anti-BrdU antibody (Roche) with or
without anti-BLBP and anti-β-galactosidase antibodies.
TUNEL staining
TUNEL staining was performed on the cryosections (thickness: 12-μm)
according to the manufacturer's instructions (Promega). For fluorescence
detection, instead of HRP-conjugated streptavidin, we used Alexa-fluor 568-
conjugated streptavidin (Molecular Probes). In addition, the immunohistochem-
istry was performed with anti-GLAST antibody, with detection using an Alexa-
fluor 488-conjugated secondary antibody (Molecular Probes).
Cell counts
For assessment of the number of Bergmann glia, BLBP-positive cells were
counted for each mouse from three sections (n=4 per each genotype). To
240 O. Komine et al. / Developmental Biology 311 (2007) 238–250examine the proliferation of Bergmann glia, the ratio of BrdU-, BLBP- and
β-galactosidase-positive cells to the total number of BLBP- andβ-galactosidase-
positive cells in the PCLwas calculated for each mouse from three sections (n=3
per each genotype). For the quantification of apoptotic cells in the EGL, TUNEL-
and GLAST-positive cells and TUNEL-positive and GLAST-negative cells were
counted for each mouse from three sections (n=3 per each genotype). The data
are presented as means±SD. The P-values were calculated using Student's t-test.Results
Pattern of GFAP-Cre-mediated deletion in the cerebellum
To selectively delete RBP-J in the mouse CNS, we used
GFAP-Cre transgenic mice, in which the human glial fibrillary
Fig. 2. Deletion of RBP-J in astrocytes. (A) Southern blot analysis shows the
Cre-mediated deletion of RBP-J in the majority of astrocytes. DNA was
extracted from the tails of conditional knockout (cKO tail), wild-type (WT tail)
and RBP-JloxP/loxP (f/f tail) mice, or from primary astrocyte cultures of RBP-
JloxP/loxP (f/f) and conditional knockout (cKO) mice. Southern blot analysis of
SphI-digested DNA with an RBP-J-specific probe shows the wild-type (WT)
allele and the targeted RBP-JloxP allele before (floxed) and after (Deleted) Cre-
mediated deletion. (B) Northern blot analysis shows that RBP-J mRNA
expression is lost in cultured astrocytes derived from the brains of conditional
knockout (cKO) mice, in contrast to the astrocytes from RBP-JloxP/loxP (f/f) mice.
GLAST is shown as a loading control.
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bicistronic message that comprises Cre recombinase, an
internal ribosome entry site, and a LacZ reporter gene
(Bajenaru et al., 2002). Since Cre recombinase irreversibly
deletes segments of DNA flanked by loxP sites, the current
expression of a Cre transgene may give an incomplete
indication of the accumulated Cre-mediated excision within
a tissue. To assess accurately the extent of GFAP-driven Cre-
mediated recombination, we crossed GFAP-Cre transgenic
mice with mice that carry the Cre reporter ROSA26R
(Soriano, 1999). The LacZ expression of GFAP-Cre mice
(Figs. 1A, C, D) reflected the current GFAP-Cre transgene
expression, whereas LacZ expression in GFAP-Cre/ROSA26R
mice revealed a much higher number of cells that had
undergone Cre-mediated deletion (Figs. 1B, E–G). Expression
of the Cre reporter was detected in neuronal populations that
lacked GFAP-Cre transgene expression. To examine the
expression of LacZ in specific cerebellar types, we used
antibodies against β-galactosidase. We found β-galactosidase
immunostaining not only in Bergmann glia, but also in
interneurons of the molecular layer of the cerebellum, in
basket cells and in stellate cells (Figs. 1E–G). In contrast,
none of the antibodies detected immunoreactivity to β-
galactosidase in the Purkinje cells, granule cells and Golgi
cells (Figs. 1E–G). The expression of β-galactosidase, which
reflects the expression of the GFAP-Cre transgene, was
detected from E16.5 onwards (Figs. 1H–N). All of the β-
galactosidase-expressing cells were positive for GLAST,
which is the glutamate transporter that is predominantly
expressed in Bergmann glia (Yamada et al., 2000), at E16.5
(Fig. 1N), which suggests that the Cre transgene is expressed
in Bergmann glia.
RBP-J loss in the astrocytes of GFAP-Cre/RBP-JloxP/loxP mice
We crossed GFAP-Cre with RBP-Jloxp mice (Tanigaki et al.,
2002), to selectively inactivate RBP-J in the astrocytes and
interneurons of the molecular layer of the cerebellum. To
demonstrate RBP-J deletion in astrocytes, we established
primary astrocyte cultures. Southern blot analysis showed the
Cre-mediated deletion of the RBP-Jloxp allele within the
majority of the astrocytes from GFAP-Cre/RBP-JloxP/loxP
mice, compared with DNA extracted from the tail, where Cre
recombinase was not active (Fig. 2A). As expected, GFAP-Cre/
RBP-JloxP/loxP astrocytes showed loss of RBP-J mRNA ex-
pression (Fig. 2B).Fig. 1. GFAP-Cre transgene expression and extent of Cre-mediated recombination. (A
expression (A) or the cells in which Cre-mediated excision has occurred (B) in 12-wee
against β-galactosidase (red) and BLBP (green) (C–F) or parvalbumin (G) of the sa
mice. (D, F) Higher-magnification images of panels C and E, respectively. Colocaliza
of GFAP-Cre (C, D) and GFAP-Cre/ROSA26R (E, F) mice, whereas Cre-mediated
β-galactosidase (green) and parvalbumin (red), is observed only in the cerebella of
sections of the mouse cerebellum at E14.5–E16.5. Rostral is to the right and dorsal is
prenatal development of GFAP-Cre mice. Immunoreactivity for β-galactosidase (red)
boxed regions in panels H–J, respectively. (N) Immunohistochemistry for β-galacto
cells are positive for GLASTat E16.5. (N) Higher-magnification image corresponding
(H), 100 μm (K), 50 μm (N).Conditional ablation of RBP-J results in anatomical
abnormalities in the adult cerebellum
GFAP-Cre/RBP-JloxP/loxP mice survived to adulthood and
showed no obvious abnormalities compared with GFAP-Cre
control littermates. To determine the effect of the lack of RBP-J, B) Sagittal view of the brain showing the expression of lacZ. The current Cre
k-old mice are shown by X-Gal staining. (C–G) Immunostaining with antibodies
gittal cerebellar sections of GFAP-Cre (C, D) and GFAP-Cre/ROSA26R (E–G)
tion of β-galactosidase and BLBP is observed in Bergmann glia in the cerebella
recombination in basket and stellate cells, as revealed by the colocalization of
GFAP-Cre/ROSA26R (G) mice. (H–J) Nuclear staining for DAPI on sagittal
to the top. (K–M) LacZ reporter (red) and GLAST (green) expression during the
is detected by E16.5. (K–M) Higher-magnification images corresponding to the
sidase (red) and GLAST (green) reveals that all the β-galactosidase-expressing
to the box region in (M). Scale bars: 1 mm (A), 100 μm (C), 50 μm (D), 500 μm
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organization in 3-month-old mutant mice. Gross examination
showed a slight hypotrophy of the cerebellum of adult GFAP-
Cre/RBP-JloxP/loxP mice compared with GFAP-Cre controls
(Figs. 3A–F). Analyses of sections stained with hematoxylin
and eosin (HE) indicated that, in spite of the overall size
reduction, there were no apparent differences in folium
development and laminar organization between the control and
conditional-mutant mice (Figs. 3E, F).Fig. 3. Cerebellar architecture of RBP-J conditional mutant mice at P70–P80. (A, B)W
mice at P70. (C–F) Hematoxylin and eosin (HE)-stained sagittal sections of GFAP-C
images of the cerebellum. Although the conditional knockout mice show a slight hypo
and laminar organization between the control and mutant mice. (G, H) Immunohistoc
mutant mice show truncated Bergmann glial fibers that fail to extend to the pial surf
parvalbumin (red) in GFAP-Cre/ROSA26R control (I) and GFAP-Cre/RBP-JloxP/lox
ROSA26R mice, the numbers of basket and stellate cells are markedly reduced. ScalTo assess the effect of RBP-J loss on Bergmann glia, we
visualized the Bergmann glial processes by immunohistochem-
istry for GFAP in adult mice. In the controls, the glial processes
extended from the Purkinje cell layer to the pial surface, where
their end-feet formed a continuous glial boundary (Fig. 3G).
However, in the conditional mutant mice, the glial processes
failed to extend to the surface of the cerebellum and displayed
abnormal end-feet, which failed to form a well-defined glial
boundary (Fig. 3H).hole-mount brains fromGFAP-Cre control (A) andGFAP-Cre/RBP-JloxP/loxP (B)
re (C, E) and GFAP-Cre/RBP-JloxP/loxP (D, F) mice. (E, F) Higher-magnification
trophy of the cerebellum, there are no apparent differences in folium development
hemistry of GFAP in GFAP-Cre (G) and GFAP-Cre/RBP-JloxP/loxP (H) mice. The
ace. (I, J) Double-immunofluorescence staining for β-galactosidase (green) and
P/ROSA26R (J) mice. In the molecular layer of the GFAP-Cre/RBP-JloxP/loxP/
e bars: 1 mm (A), 1 mm (C), 500 μm (E), 100 μm (G), 50 μm (I).
243O. Komine et al. / Developmental Biology 311 (2007) 238–250Since Cre-mediated recombination occurred in the basket
and stellate cells of the cerebellum, we visualized the basket
and stellate cells in sections of GFAP-Cre/ROSA26R control
and mutant cerebella by staining with antibodies to parvalbu-
min (Celio, 1990). In the GFAP-Cre/ROSA26R controls,
many parvalbumin- and β-galactosidase-positive cells wereFig. 4. Abnormal Bergmann glial development in RBP-J conditional mutant mice at
control (A) and GFAP-Cre/RBP-JloxP/loxP (B) mice. (C) Quantification of the number
Bergmann glia in the mutants compared to the control littermates. ∗Pb0.005 in panel
Cre/RBP-JloxP/loxP (E) mice. In GFAP-Cre/RBP-JloxP/loxP mice, the monolayer alignm
are located ectopically in the molecular layer. (F–H)Morphology of Bergmann glia im
GFAP-Cre/RBP-JloxP/loxP (G, H) mice. The GFAP-Cre/RBP-JloxP/loxP mice have trunca
(A), 200 μm (D), 50 μm (F).observed in the molecular layer (Fig. 3I). In contrast, the
numbers of basket and stellate cells were markedly reduced in
GFAP-Cre/RBP-JloxP/loxP/ROSA26R mice (Fig. 3J). However,
the number and morphology of Purkinje cells did not differ
between the control and the mutant mice (Figs. 3I, J). The
granule cell layer of the mutants showed normal thickness andP70–P80. (A, B) Immunofluorescence staining for BLBP (green) in GFAP-Cre
of BLBP-positive cell bodies. There is a significant reduction in the number of
C. (D, E) In situ hybridization for GLAST in GFAP-Cre control (D) and GFAP-
ent of Bergmann glia is disrupted and a considerable number of Bergmann glia
munostained with antibody against β-galactosidase in GFAP-Cre control (F) and
ted Bergmann glial fibers that fail to extend to the pial surface. Scale bars: 50 μm
244 O. Komine et al. / Developmental Biology 311 (2007) 238–250cell density compared with the control animals (Figs. 3E, F).
In addition, the number and shape of GABA-immunoreactive
Golgi cells were normal in GFAP-Cre/RBP-JloxP/loxP mice
(data not shown). Taken together, these findings suggest that
the development of Bergmann glia, stellate cells and basketFig. 5. Impaired monolayer formation of Bergmann glia in RBP-J conditional mutan
K, L) and GFAP-Cre/RBP-JloxP/loxP (F–J, M, N) mice at E18.5 (A, F), P0 (B, G), P1
corresponding to the boxed regions in panels D, E, I and J, respectively. The irregular
external granular layer (EGL) are seen in RBP-J conditional mutant mice around P
BrdU (red) in GFAP-Cre/ROSA26R control (O) and GFAP-Cre/RBP-JloxP/loxP/ROSA
layer (EGL) and molecular layer are negative for BrdU labeling, which suggests that, r
layer due to abnormal migration. EGL, external granular layer; ML, molecular layecells is impaired in GFAP-Cre/RBP-JloxP/loxP mice, whereas
that of other cell types, including granule cells, Purkinje cells
and Golgi cells, occurs normally. In the present study, we
investigated the role of RBP-J signaling in the maturation of
Bergmann glia.t mice. (A–N) In situ hybridization for GLAST in RBP-JloxP/loxP control (A–E,
(C, H), P2 (D, I, K, M) and P5 (E, J, L, N). (K–N) Higher-magnification images
ities of the Bergmann glia lining and ectopic localization of Bergmann glia in the
2. (O, P) Double-immunofluorescence staining for β-galactosidase (green) and
26R (P) mice at P5. Aberrantly localized Bergmann glia in the external granular
ather than being generated in situ, they are disintegrated from the Bergmann glial
r; PCL, Purkinje cell layer. Scale bars: 500 μm (A), 100 μm (K), 50 μm (O).
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Bergmann glia
To determine the effect of the lack of RBP-J on the maturation
of Bergmann glia, we first examined the number of Bergmann
glia by immunostaining for brain lipid binding protein (BLBP)
in adult mutant mice. We found a significant reduction in the
number of Bergmann glia in mutants compared to GFAP-Cre
control littermates (Figs. 4A–C). Next, we investigated the
position of Bergmann glial cells by in situ hybridization of
GLAST. In GFAP-Cre/RBP-JloxP/loxP mice, the monolayer
alignment of Bergmann glia was disrupted and a considerable
number of Bergmann glia were located ectopically in the
molecular layer (Figs. 4D, E). The morphology of Bergmann
glia in these animals was assayed by β-galactosidase immunos-
taining. GFAP-Cre controls displayed well-organized Bergmann
processes with an exclusively radial orientation andwell-defined
end-feet (Fig. 4F). In contrast, the GFAP-Cre/RBP-JloxP/loxP
mice had truncated Bergmann glial fibers that failed to extend to
the pial surface (Figs. 4G, H). These results indicate that ablation
of RBP-J causes a reduction in the number of Bergmann glial
cells and affects their position and morphology in the adult
mutant cerebellum. It has been argued that Bergmann glial fibers
serve as scaffolds for granule cell migration during postnatal
development. In contrast with this notion, we did not observe a
delay in granule cell migration in GFAP-Cre/RBP-JloxP/loxP mice
during the first and second weeks of postnatal development (data
not shown).
Conditional ablation of RBP-J results in the defective
positioning of Bergmann glia in the early postnatal cerebellum
We observed the time course of the positioning defect of
Bergmann glia in mutant mice, as demonstrated by in situ
hybridization with GLAST (Fig. 5). The period from E14 to P7
in the mouse cerebellum is the stage of Bergmann glial
migration from the ventricular zone to the Purkinje cell layer.
Migration of cerebellar glial precursors, including those that
give rise to prospective Bergmann glial cells, begins at E14
(Yamada and Watanabe, 2002). GLAST-expressing Bergmann
glial cells are condensed beneath the multicellular layer of
Purkinje cells by E18. During the first postnatal week, as the
Purkinje cells establish monolayer alignment, Bergmann glial
cells are further compacted to form an epithelium-like lining in
the Purkinje cell layer (Yamada and Watanabe, 2002; Yamada et
al., 2000). Before P1, the positioning of mutant Bergmann glia
was largely normal (Figs. 5A–C, F–H), indicating normal
Bergmann glial migration during embryonic development. The
first signs of defective positioning of Bergmann glia, such as
irregularities of the Bergmann glial lining and ectopic
localization of Bergmann glia in the external granular layer
(EGL), were seen in mutant mice around P2 (Figs. 5D, I, K, M).
At P5, a considerable number of Bergmann glia exceeded the
Purkinje cell layer and were located ectopically in the EGL and
molecular layer (Figs. 5E, J, L, N). These ectopic Bergmann
glia in the EGL and molecular layer, as visualized by β-
galactosidase immunostaining, were negative for BrdU labeling(Figs. 5O, P), which suggests that, rather than being generated
in situ, they were disintegrated from the Bergmann glial layer by
over-migration. These results show that RBP-J provides
important cues for the monolayer formation of Bergmann glia
during development.
Aberrantly localized Bergmann glial cells undergo apoptosis in
GFAP-Cre/RBP-JloxP/loxP mice
The number of Bergmann glia was reduced in adult GFAP-
Cre/RBP-JloxP/loxP mice (Fig. 4C). Chronological analysis
revealed that the number of Bergmann glia was indistinguish-
able between GFAP-Cre/RBP-JloxP/+/ROSA26R and GFAP-
Cre/RBP-JloxP/loxP/ROSA26R cerebella up to P5 (Figs. 6A,
B, E). After P7, the number of Bergmann glia was reduced in
GFAP-Cre/RBP-JloxP/loxP/ROSA26R mice (Figs. 6C–E). The
decrease in the number of Bergmann glia in the mutant
cerebella may be caused by reduced cell proliferation or
accelerated cell death. We did not observe any significant
differences in the numbers of proliferative Bergmann glia
labeled with BrdU up to P7 (Figs. 6A–D, F). However, the
number of TUNEL-positive cells in the mutant EGL was
increased from P2 onwards (Figs. 6G–L). Apoptotic cells in
the mutant EGL at P5 were regarded as granule cells or
ectopic Bergmann glial cells, because we could not observe
TUNEL-positive cells stained for Pax2, an early marker of
basket and stellate cells (data not shown). In addition to the
apoptosis of granule cells (or their progenitor cells) in the
EGL (Fig. 6M), GLAST immunostaining revealed that some
of the TUNEL-positive cells in the mutant EGL were Berg-
mann glia (Fig. 6N). Quantitative analysis showed that acce-
lerated cell death in the mutant EGL was not due to an
increase in the number of apoptotic granule cells (Fig. 6O),
but to an increase in the number of apoptotic aberrantly
localized Bergmann glia (Fig. 6P). These results show that
decreases in the Bergmann glia number arise not from a re-
duction in primary gliogenesis but from an increase in the
apoptosis of Bergmann glia that are localized ectopically in the
EGL and molecular layer.
Conditional ablation of both Notch1 and Notch2 leads to
aberrant Bergmann glia similar to the glial phenotypes of
GFAP-Cre/RBP-JloxP/loxP mice
To investigate further the requirement of Notch/RBP-J
signaling for the monolayer formation of Bergmann glia, we
examined the cerebellar architecture of mice that lacked Notch1
and Notch2 in their Bergmann glia. To this end, we crossed
GFAP-Cre mice with Notch1loxp and/or Notch2loxp mice
(Radtke et al., 1999; Saito et al., 2003). Adult GFAP-Cre/
Notch1loxP/loxP and GFAP-Cre/Notch2loxP/loxP mutant mice
showed no cerebellar abnormalities. However, analysis of the
position of Bergmann glial somata in adult animals based on
GLAST expression showed ectopic localization of Bergmann
glia in the molecular layer within the posterior lobes of the
GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP mutant (lobes
VIII–X), with no significant differences in the other lobes
246 O. Komine et al. / Developmental Biology 311 (2007) 238–250(lobes I–VII) (Figs. 7A–J). The first signs of Bergmann glial
positioning defects, such as irregularities of the Bergmann glial
lining and ectopic localization of Bergmann glia in the EGL,
were seen in GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP mutant
mice around P3 (Figs. 7K, L), at which time abnormal
Bergmann glial positioning was detected in the GFAP-Cre/
RBP-JloxP/loxP mice (Figs. 5K, M). In addition, adult GFAP-
Cre/Notch1loxP/loxP/Notch2loxP/loxP mutant mice exhibited a
reduced number of Bergmann glia (Figs. 7M–R) and abnormalBergmann processes (Figs. 7S–V) only within lobes VIII–X.
These results indicate that the ablation of both Notch1 and
Notch2 causes a reduction in the number of Bergmann glial
cells and affects their positioning and morphology within lobes
VIII–X of the adult mutant cerebellum.
We conclude that Notch1/2-RBP-J signaling is involved not
only in the morphological differentiation of Bergmann glia, but
also in the monolayer formation of Bergmann glia during the
normal development of the cerebellum.
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In the present study, we characterized the functional roles of
Notch-RBP-J signaling in Bergmann glial development by
deleting Notch1, Notch2 and RBP-J in the Bergmann glia. Notch
signaling plays instructive roles in promoting the identities of
several types of glial cells, including radial glia, retinal Muller
cells and Bergmann glia (Gaiano and Fishell, 2002). Bergmann
glia are unipolar astrocytes that are present in the cerebellar
cortex; the cell bodies are located in a row around the Purkinje
cell somata and extend radial fibers to the pial surface (Yamada
and Watanabe, 2002). Previous reports have shown that Notch
signaling is involved in the morphological differentiation of
Bergmann glia (Eiraku et al., 2005; Tohgo et al., 2006; Weller et
al., 2006). However, to date, much less attention has been paid to
the role of Notch signaling in the Bergmann glial layering. We
demonstrate that RBP-J or Notch1 and Notch2 deletion in the
Bergmann glia results in poor radial fiber extension and
defective positioning of Bergmann glia. These results indicate
that Notch1/2-RBP-J signaling is involved in the appropriate
laminar positioning as well as the radial fiber extension of
Bergmann glia.
It has been argued that Bergmann glial fibers serve as
scaffolds for granule cell migration during postnatal develop-
ment. In contrast with this notion, the granule cell layer of the
mutants showed normal thickness and cell density compared
with the control animals from P7 to adulthood (data not shown).
This can be explained by the observation that impaired
formation of Bergmann fibers in the mutants became apparent
after P14 (data not shown), when the migration of granule cells
from the EGL to the inner granule cell layer had almost been
completed. Alternatively, the remaining non-Cre-recombined
Bergmann glia may compensate for the impaired formation of
Bergmann glial fibers by branching and extending new
processes towards the surface of the cerebellum.
Although GFAP-Cre mice were used to selectively inactivate
genes in the Bergmann glia, inactivation of the RBP-J or Notch1
and Notch2 genes did occur in the basket and stellate cells, as
well as in the Bergmann glia, presumably because of transient
GFAP activity in the neural precursor cells, which include the
radial glia. Therefore, some of the effects observed in the RBP-J-
or Notch1/2-deficient Bergmann glia could be secondary
responses to abnormalities within the RBP-J- or Notch1/
2-deficient basket and stellate cells (i.e., a profound reduction
in the numbers of basket and stellate cells). However, three linesFig. 6. Ectopic Bergmann glia are eliminated by apoptosis in RBP-J conditional muta
ROSA26R (A, C) and GFAP-Cre/RBP-JloxP/loxP/ROSA26R (B, D) mice at P5 (A, B
against BLBP (green) and β-galactosidase (red). (E, F) Quantification of the number
incorporated BrdU (blue) (F) at P5 and P7. The number of Bergmann glia is reduc
differences in the numbers of proliferative Bergmann glia at P5 and P7. (G–L) TUN
mice at E18.5 (G, J), P2 (H, K) and P5 (I, L). The number of TUNEL-positive cells (
mice. (M, N) Immunostaining for GLAST (green) and TUNEL (red) in GFAP-Cre/R
P5. The arrow indicates TUNEL-positive and GLAST-negative cells. The arrowhea
cells). (O, P) Quantification of the number of TUNEL-positive and GLAST-negati
positive cells (TUNEL+ and GLAST+ cells) (P) in the EGL at P5. The number of
ROSA26R EGL than in the GFAP-Cre/RBP-JloxP/+/ROSA26R EGL (Pb0.005), wher
cells in the EGL of either mouse. Scale bars: 20 μm (A), 200 μm (G), 10 μm (M).of evidence argue to the contrary. First, cyclin D2-knockout
mice, in which the number of stellate cells is markedly reduced,
show normal differentiation of Bergmann glia (Huard et al.,
1999). Second, we did not observe any significant differences in
the numbers of basket and stellate cells (unpublished data) in
lobes VIII–X of the GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP
mutant mice, in which an abnormal arrangement of Bergmann
glia was observed. Third, it is very difficult for the basket and
stellate cells to interact with the Bergmann glia, since the
progenitors for basket and stellate cells exist in the cerebellar
white matter at P2 (Maricich and Herrup, 1999), at which time-
point the impairment of Bergmann glial positioning is detected.
Therefore, it is likely that the defective positioning of Bergmann
glia seen in mutant mice is the result of a cell-intrinsic effect of
RBP-J in the Bergmann glia. However, since Notch signaling
affects the neuronal versus glial cell-fate choice of the radial glia,
we cannot entirely rule out the possibility that the neurons fail to
differentiate and instead become ectopic Bergmann glia.
Using TUNEL and immunostaining, we have shown that
aberrantly localized Bergmann glia in the EGL or molecular
layer undergo apoptosis, which leads to a reduction in the
number of Bergmann glia in later development. In addition,
Bergmann glial cells interact closely with Purkinje cells
throughout the development of the cerebellar cortex (Yamada
et al., 2000). Thus, it appears that the lack ofmolecules present in
the Purkinje cell layer for aberrantly localized Bergmann glia
leads to apoptosis.
The present study demonstrates that both Notch1 and Notch2
expressed on the Bergmann glia are involved in the monolayer
formation of Bergmann glia. However, it remains to be resolved
which ligands activate Notch1 and Notch2 on Bergmann glia.
Previous studies have suggested that Notch ligands, including
Jagged1, Delta-like1 and Delta-like3 and DNER, are expressed
in the mouse cerebellum during the first week of postnatal
development (Stump et al., 2002), the point at which conditional
mutant mice show abnormal Bergmann glial positioning.
Recently, DNER has been identified as a Notch ligand that is
expressed on Purkinje cells, activates the Notch receptor on
Bergmann glia and promotes Bergmann glial maturation (Eiraku
et al., 2005; Tohgo et al., 2006). However, poor radial fiber
extension and aberrantly localized Bergmann glia have been
detected in the early lactation period but not in the adult stages in
DNER-knockout mice (Eiraku et al., 2005; Tohgo et al., 2006),
which suggests that DNER-Notch signaling is important for the
morphological maturation of Bergmann glia in the earlynt mice. (A–D) BrdU incorporation by Bergmann glia in GFAP-Cre/RBP-JloxP/+/
) and P7 (C, D). The cell bodies of Bergmann glia are labeled with antibodies
of BLBP-positive cell bodies (E) and proliferating Bergmann glia (white) with
ed in RBP-J conditional-mutant mice after P7, whereas there are no significant
EL staining of RBP-JloxP/loxP control (G–I) and GFAP-Cre/RBP-JloxP/loxP (J–L)
arrowheads) in the EGL is higher from P2 onwards in RBP-J conditional mutant
BP-JloxP/+/ROSA26R (M) and GFAP-Cre/RBP-JloxP/loxP/ROSA26R (N) mice at
d indicates TUNEL-positive and GLAST-positive cells (TUNEL+ and GLAST+
ve cells (TUNEL+ and GLAST− cells) (O) and TUNEL-positive and GLAST-
apoptotic GLAST-expressing cells is higher in the GFAP-Cre/RBP-JloxP/loxP/
eas there is no significant difference in the number of apoptotic GLAST-negative
∗Pb0.01 in panel E and Pb0.005 in panel P.
248 O. Komine et al. / Developmental Biology 311 (2007) 238–250developmental stages. In contrast, the aberrant localization of
Bergmann glia and the disorganization of the Bergmann fibers in
GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP and GFAP-Cre/
RBP-JloxP/loxP mice were retained until adulthood. Furthermore,
DNER promotes the morphological differentiation of Bergmann
glia through Deltex-dependent pathways (Eiraku et al., 2005).
Weller and colleagues have reported that the conditional ablationof the Jagged1 gene from the neuroepithelial cells of the
midbrain–hindbrain boundary results in truncated Bergmann
glial fibers and a reduction in the number of Bergmann glia,
while the monolayer formation of Bergmann glia is normal
(Weller et al., 2006). These results suggest that DNER-Notch or
Jagged1-Notch signaling may not be indispensable for the
monolayer formation of Bergmann glia. Thus, the other Notch
249O. Komine et al. / Developmental Biology 311 (2007) 238–250ligands, such as Delta-like1 and/or Delta-like3 or the combina-
tion of these might play an essential role in the layer formation of
Bergmann glia.
Numerous studies have documented that Notch signaling in
the developing CNS regulates the neuronal versus glial cell-
fate choices of stem cells (Artavanis-Tsakonas et al., 1999;
Gaiano and Fishell, 2002). Conditional inactivation of the
Notch1 gene from the mouse neural tube neuroepithelium
using engrailed2-Cre transgenic mice results in the impairment
of gliogenesis (Lutolf et al., 2002). Although the GFAP-Cre/
Notch1loxP/loxP//Notch2loxP/loxP and GFAP-Cre/RBP-JloxP/loxP
mice showed abnormal Bergmann glial positioning and dis-
organization of Bergmann fibers, they displayed normal pro-
liferation of Bergmann glia. Since the expression of Cre in
Bergmann glia was detected from E16.5 in GFAP-Cre mice,
these experiments show that Notch1/2-RBP-J signaling is not
required for the fate determination of Bergmann glia after
E16.5, but provides important cues for the positioning and
radial fiber elongation of Bergmann glia after E16.5. Thus, the
Notch pathway may be intimately involved, not only at the
birth of Bergmann glia, but throughout their life spans, and
may even be critically important for their positioning and
morphogenesis.
Although both the Notch1/2 and RBP-J mutants show
abnormal Bergmann glial positioning, RBP-J mutants display
more severe impairments than Notch1/2 mutants. Since Notch1,
Notch2 and Notch3 are expressed in Bergmann glia during the
first week of postnatal development (Irvin et al., 2001), the
relatively mild phenotypes of the GFAP-Cre/Notch1loxP/loxP/
Notch2loxP/loxP mice indicate that Notch3 may also play a
critical role in the monolayer formation of Bergmann glia.
GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP mice showed aber-
rant Bergmann glia only within the posterior lobes (VIII–X) of
the adult cerebellum. This spatially restricted phenotype does
not reflect the expression patterns of the Cre transgene, which is
expressed uniformly in all cerebellar lobes. Earlier studies have
provided evidence that there are two neuroepithelial foci of
Bergmann glia production, the pretrigonal glial matrix and the
subisthmal glial matrix, the former supplying Bergmann glia to
the posterior cerebellum and the latter to the anterior cerebellum
(Altman and Bayer, 1997). In addition, the spatiotemporal
expression patterns of the Notch subtypes are regulated
differently (Higuchi et al., 1995; Irvin et al., 2001; Lindsell
et al., 1996). It is possible that the differential expression of
Notch1/Notch2 and 3 may contribute to the spatially restrictedFig. 7. Analysis of GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP mice. (A–J) In situ hy
GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP (E, F), GFAP-Cre/Notch1loxP/loxP (G, H)
magnification images corresponding to the boxed regions in panels A, C, E, G and
Notch2loxP/loxP mutant mice show no cerebellar abnormalities, ectopic localization of
GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP mutant (lobesVIII–X). (K, L) In situ hybrid
Notch2loxP/loxP (L)mice at P3. The irregularities of the Bergmann glia lining and ectopi
Notch2loxP/loxP mice around P3. (M–P) Immunohistochemistry of BLBP in cerebellar
Notch1loxP/loxP/Notch2loxP/loxP (N, P) mice at P80. (Q, R) Quantification of the numb
GFAP-Cre/Notch1loxP/+ and GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP mice at P80. (S
GFAP-Cre/Notch1loxP/+ (S, U) and GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP (T, V) m
reduced number of Bergmann glia and show abnormal Bergmann processes only wit
∗Pb0.005 in panel R.phenotype seen in the GFAP-Cre/Notch1loxP/loxP/Notch2loxP/loxP
mice.
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